Background: The modularity and universal deployability of certain energy storage and variable renewable energy resources make the combination of these two elements a possible game changer for achieving universal access to electricity in developing countries while simultaneously decarbonizing their electric grids. Recent cost declines in electrochemical batteries have enabled solutions based on batteries and renewables that have proved to be cost-competitive with fossil-based alternatives in a growing number of cases. However, most widely-available battery systems may not be optimal for power systems applications operating under the challenging conditions frequently found in developing countries. Additionally, scaling-up sustainable energy storage in developing countries requires addressing a number of important challenges that are not well understood. The study presented in this article aims at identifying these challenges, and was undertaken in preparation of the Energy Storage Partnership: a consortium of over 30 organizations convened by the World Bank to jointly address them. Methods: Expert elicitation in combination with a literature review of standards, news articles, vendors' public materials and academic literature.
INTRODUCTION
Renewable energy-particularly wind and solar power-has become an economically viable option for electricity production in developing countries. However, wind and solar are variable renewable energy (VRE) sources. Their output fluctuates with the instantaneous availability of wind and sunlight-and there is no guarantee that they will be available when they are needed most. Unlocking the full contribution of renewable energy resources to meeting electricity demand requires additional measures for their integration into power systems.
Countries that have pioneered effective and efficient VRE integration strategies are mostly economically developed; feature sufficient dispatchable generation capacity and operational reserves, as well as robust and stable grids; and, in most cases, good interconnections and energy trade agreements with neighboring countries. In these contexts, cost-effective VRE integration strategies focus on the improved use of existing assets combined with enhanced system operations.
However, most developing countries are in a very different position: existing generation capacity is often insufficient to meet growing electricity demand, the grid is often under-developed (both within and between countries), and operators are unable to maintain grid stability due to a lack of adequate control over generation dispatch and poor demand forecasts. Consequently, under these circumstances, increasing amounts of VRE could impact negatively the secure operation of these systems.
This difference in context requires a fresh approach to system integration and system reliability that focuses on the needs of developing countries. Such an approach will likely feature a more prominent role for energy storage as a solution to support system operations and enable the integration of higher renewable shares without increasing operational challenges.
Energy storage can help match VRE supply to electricity demand, for example by storing solar energy mid-day and releasing it after sunset, when demand is often at peak. Combinations of VRE capacity and energy storage-particularly long-duration energy storage-can therefore offer a low-carbon alternative for providing firm capacity to power systems.
Most importantly, energy storage can also provide a range of system services, which helps increase the reliability of power systems, especially in developing countries with weak grid infrastructure. Storage solutions can also help improve energy access in remote areas, where grid expansion is not possible or cost-effective. Furthermore, energy storage J Sustain Res. 2020;2(1):e200002. https://doi.org/10.20900/jsr20200002 can be part of resilience strategies in the face of increasing extreme weather events.
Energy storage comprises a multitude of different technologies. They are frequently differentiated by the way in which energy is stored, and can differ significantly in round-trip efficiency: thermal (e.g., molten salt storage for heat or ice for cooling), gravitational potential (e.g., pumped storage hydro), kinetic (e.g., flywheels), electro-static (capacitors), electro-chemical (batteries), compressed air (e.g., adiabatic CAES) or chemical (e.g., synthetic fuels). Within each category there are typically several different technologies relying on similar physical principles but with very different properties and levels of maturity.
The category with the widest variety of technologies and the most rapid recent techno-economical progress is electro-chemical storage, i.e., batteries. Particularly lithium-ion (Li-ion) batteries have seen very rapid cost declines as their use has grown exponentially driven by the market for mobile applications, first in electronic devices, and more recently over the last decade in their use in electric vehicles and their hybrid counterparts. In these applications, high energy density (both in terms of mass and volume) is highly desirable and will take priority over other aspects such as high cycle life.
By contrast, stationary battery applications have different use characteristics and thus dictate different priorities for battery properties.
For example, weight and volume constraints may be less relevant, while a high cycle life can be crucial to achieve cost-competitiveness in regimes of frequent charging and discharging. Moreover, lithium-ion batteries are not ideally placed to operate under harsh climate conditions without significant cooling-as both very low and high temperatures lead to more rapid cell degradation and reduce cell efficiency though this varies by chemistry. This may negatively impact the ability of some Li-ion technologies to meet the requirements of stationary applications in developing countries that frequently feature harsh climate conditions.
Recognizing the value that battery storage can bring to developing countries' grids, the World Bank has launched a dedicated program to scale-up battery electricity storage solutions in developing countries and has committed to provide USD 1 billion in support of the program. In and Denholm et al. 2013 [23] ). However, given the novel interest in stationary energy storage in developing countries-outside of minigrid and island applications (e.g., Micangeli et al. 2017 [24] , Ericson et al. 2017 [25] , USAID [26] , and Barelli et al. 2019 [27] )-there is relatively little information publicly available that is focused on this topic with some notable recent exceptions. These include, for example Few et al. 2018 and 2019 [28, 29] who provide many valuable observations and insights about the challenges facing the use of energy storage in developing countries and emerging markets and how they might be addressed; while IRENA (2019) [30] documents a number of renewable projects in developing countries, some of which use energy storage; and Vivid Economics and Faraday Institution (2019) [31] highlight the role of storage in off-grid applications to increase access to electricity and displace diesel consumption. Other recent studies have looked carefully at some of the recycling and other environmental challenges of energy storage systems (e.g., Deghani-Sanij et al. 2019 [32] ), relevant to energy storage projects in developing countries. In addition, a number of studies identified mechanisms to overcome some of the potential barriers to the deployment of energy storage, such as the benefits of the availability of affordable wrapped warranties that may apply to both developed and developing countries (e.g., Robson and Bonomi 2018 [33] ). The literature review was complemented with an J Sustain Res. 2020;2(1):e200002. https://doi.org/10.20900/jsr20200002 expert elicitation, by which the team gathered direct expert opinions on the value and challenges of deploying sustainable energy storage solutions in developing countries.
The literature review informed the identification of existing knowledge gaps, and the preparation of a set of questions (Table 1) Interviews also included a number of technology specific questions focusing on storage sizing, storage duration, degradation, toxicity, recyclability, operability, availability of materials and technology risks.
RESULTS
Results fall into two main categories. The first category consists of requirements that need to be met for energy storage to help meet developing countries' objectives. It is natural to frame these in the form of challenges, highlighting those areas where there is currently a gap between what would be needed, and the status quo as found in this study.
The second category of results sets out a research and development agenda organized along these challenges, and grouped into four research tracks. These findings represent a synthesis of the ideas identified through the literature review-many of which motivated by ideas laid out in [27] and [28] 
Main Challenges and Requirements
The research revealed four main groups of challenges that currently hinder uptake of sustainable energy storage solutions in developing countries:
1. Lack of technology solutions adapted to the needs of developing countries. Current available technology solutions-especially for battery storage systems-are often ill-adapted to developing countries.
The systems available are frequently not designed to operate in the often harsh environments of developing countries with extreme temperatures, low capacity to operate and maintain energy storage assets, and reduced access to advanced maintenance tools. In addition, many common technologies rely on relatively rare minerals that could with increased demand increase the cost of battery projects, or have discharge durations that fall short of what is needed for providing firm capacity for longer periods-a requirement that is more frequently found in developing countries. Key technical specifications must be reflected in Bidding Documents to develop a market with technologies that can be sustainably scaled-up. The most relevant attributes-from a pure technology perspective-are summarized in Table 2 . 
Attribute Description

Affordability
Within the financial means of developing countries.
Durability
Ability to deliver power over long periods of time (e.g., for 4 hours or more duration, with low annual degradation).
Operability
No or very limited need for regular maintenance, nor for highly-qualified personnel to maintain and operate the energy storage system.
Robustness
Designed to operate above 50 °C, and avoid irreversible damage after disruptions in the cooling system, and/or operate in extreme environments.
Availability of materials
Availability of sufficient quantity of material to scale-up deployment and diversify origin to avoid supply disruptions and price volatility.
Safety
Stability of the materials used, and ability to isolate failure within secondary containment in case of fire, mechanical/chemical explosion or leakage.
Low Toxicity
Not containing elements that cannot be disposed in a landfill, that would become a hazard if spilled, or that emit toxic gases as a by-product of the reactions inside the energy storage equipment.
Recyclability
Ability to extract and reuse high salvage value materials from the energy storage equipment.
Based on the four groups of challenges described and desirable attributes shown in Table 2 In the remainder of this section, the four tracks and related analysis is presented in more detail.
Research Track 1: Technology Research, Development & Demonstration, Applications
Research along this track aims to increase understanding of the technical specifications required by energy storage solutions for power system applications in developing countries and increase the availability, 
Research Track 2: System Integration and Planning Tools
Optimizing the size and operation of energy storage in a power system requires appropriate planning using system modelling tools that reflect both energy storage systems themselves as well as the power systems in which they operate. While the past years have seen significant progress in the improvement of power system models and tools, this process is far from being completed given the significant challenges of processing much higher resolution data. Hence, this research track is directed towards developing models to support technology selection, and optimal sizing in terms of power capacity (kW or MW), energy capacity (kWh or Power system modeling tools
• Integrated modeling tools, valuation frameworks and cost/benefit methodologies: There is currently no standard methodology available to comprehensively capture the possible system benefits of storage in a consistent valuation framework that reflects how the storage asset will be operated to provide multiple services. There is also a lack of standardized methodologies for cost-benefit analysis to assess the system value of energy storage under existing regulatory frameworks.
Work under this topic could further improve the availability of power system modelling and cost benefits analysis tools. This work would also need to recognize the impact of data and resource limitations, and how these may vary depending on the size of the project.
• Capturing stability in operational models and improved ancillary services modeling: One field of model development that is particularly relevant for developing countries that often feature small power systems with weak grids is the improved integration of (a) models that assess operational dynamics (production cost models) and This topic aims at screening available system integration and planning tools for mini-grids and small grids, looking at least-cost optimization models that capture all value streams (including peak load shifting, • Dispatch optimization models for energy storage systems: Energy storage is prized for its versatility and wide-range of possible usage patterns that may support multiple applications. However, this also means that finding an optimal usage pattern for an energy storage system can be a quite complex task, requiring decisions on how to manage charging and discharging times, etc. Hence, models and software are needed to determine the optimal operational schedule of energy storage systems, reflecting realistic operational constraints, value stacking, and the impact of uncertainty. Ideally, such models are capable to find optimal solutions in both cost of service and market-based remunerations.
• Standard representation/parameters for energy storage in power system models: As storage becomes more common in power systems, models for power system planning and operation need to accurately capture the techno-economic properties of a growing suite of energy storage technologies. This task aims at reviewing existing sources for techno-economic parameters for energy storage, with the aim of developing standard representations of different energy storage technologies such as degradation with use, which can be used in a wide range of different power system models.
Research Track 3: Policies, Regulation, and Procurement
Research along this track aims to increase understanding of the policy, market, regulatory, and procurement frameworks applicable to energy storage solutions for grid applications in developing countries. Because this track relates to instruments that directly target deployment, learning in this field will be very closely linked to technology deployment. The following topics have been identified: • National and regional energy storage strategies and roadmaps: A clear vision for the role of storage in the energy system is indispensable for designing appropriate policy tools and growing national and regional markets for energy storage. Such a vision can be developed and articulated in different ways, for example via a national strategy document or as part of a roadmapping process. Work on this topic could feature identifying relevant analysis and stakeholder engagement in support of developing strategies and roadmaps. Implementing the various research and development actions highlighted in this article will require a concerted approach by national governments-in industrialized as well as developing countries-and stands to benefit substantially from international cooperation.
Facilitating such an approach is at the center of the World Bank's Energy The results of this study demonstrate that a wide spectrum of actions is required for energy storage to make its full contribution to energy policy objectives in developing countries. However, this does not mean that deployment needs to wait until new technologies become available.
In addition to its direct benefits, the deployment of appropriately adapted existing technologies in developing countries can help to establish the required parts of the value chain there. In turn, this allows a fast-tracked deployment also of innovative solutions once these become commercially available.
Implementing the various research and development actions highlighted in this article will require a concerted approach by national governments-in industrialized as well as developing countries-and stands to benefit substantially from international cooperation.
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